Objective. Although there is a well-established sex difference in the prevalence and severity of OA, the mechanism for this is not clear. The aim of this study was to examine the potential role of BMD and BMC in explaining gender differences in knee cartilage volume.
Introduction
OA is a major cause of pain and long-term disability, and is characterized by a loss of articular cartilage volume. Males have significantly more cartilage than females both in childhood [1] and adulthood [2] , which may explain why they are at lower risk of OA. The concept that cartilage accrued in younger life may relate to risk of osteoarthritis in later life is analogous to the relationship between osteoporosis (OP) and BMD, in which higher BMD provides protection from age-related OP. Before menopause, the prevalence of knee OA is similar in men and women. However, after menopause the risk is higher in women where oestrogen deficiency is seen [3] [4] [5] . Menopause has also been associated with accelerated/ increased bone loss and risk of OP. As such, hormonal factors have been considered as an explanation for the well-established sex differences in the prevalence of OA and OP.
Many studies have examined the possible inverse relationship between OA and OP, linking BMD to radiographic change. The prevalence of radiographic knee OA, defined in terms of osteophytes [1] [2] [3] [4] [5] , has been associated with increasing BMD. The relationship between BMD and osteophytes may in part be attributed to a reduced rate of bone loss [6] [7] [8] or increased bone size, which will artefactually increase areal BMD. However, no relationship with joint space narrowing, as a proxy for articular cartilage, has been demonstrated [9] , suggesting that different mechanisms may be involved in the pathogenesis of the various radiographic features of OA. Alternatively, it may be that more sensitive and direct assessments of articular cartilage are required. A previous study has examined the relationship between BMD and a direct measure of cartilage volume assessed using MRI. In this study, BMD was positively associated with tibial, but not patella cartilage volume in a population without knee OA [9] . Whether differences in BMD between men and women contribute to the difference in risk of OA in men and women is unknown. Indeed, a recent study has shown that subchondral BMD is positively associated with medial cartilage volume, and that this relationship was stronger in men than women [10] . Understanding the factors underlying sex differences in cartilage volume may facilitate development of preventive strategies and aid in understanding the disease process. Thus, the aim of this study was to examine and compare the relationship between total body BMD and BMC and medial and lateral tibial and patella cartilage volume in a relatively healthy population of men and women.
Patients and methods

Subjects
A total of 153 subjects aged 25-60 years were recruited. Participants were recruited through local media to take part in a study of lifestyle factors on knee health. Subjects were excluded if there was a history of any arthritis diagnosed by a medical practitioner, prior surgical intervention to the knee including arthroscopy, previous significant knee injury requiring non-weight-bearing therapy or knee pain precluding weight-bearing activity for >24 h or prescribed analgesia, malignancy or contraindication to MRI. The study was approved by Alfred Human Research and Ethics Committee (HREC), the Monash Standing Research Ethics Committee, the Austin Health HREC and the University of Melbourne Central HREC. Informed consent was obtained from all study participants.
Anthropometric and physical activity data Weight was measured to the nearest 0.1 kg using a single pair of electronic scales. Height was measured to the nearest 0.1 cm using a stadiometer. BMI (weight/ height 2 kg m À2 ) was calculated. Strenuous physical activity was assessed by asking 'On how many days during the last 14 days did you spend at least 20 minutes doing strenuous exercise? e.g. bicycling, brisk walking, etc. that was severe enough to raise your pulse rate, cause you to breathe faster' with frequency options: no days, 1-2 days; 3-5 days; 6-8 days; and 59 days. Participation in strenuous activity for 53 days was categorized as performing strenuous activity.
DXA measures
Bone mass was measured in all subjects using DXA (GE Lunar Prodigy, using operating system version 9). Bone mass was examined as BMC (g), and total body BMD (g/cm 2 ), which is an approximation of the volumetric density of bone. The machine has a weight limit of $130 kg. The coefficient of variation (CV) for total body BMD was 1.2-1.3% [11] .
MRI
MRI of the dominant knee was performed [12] . Knees were imaged in the sagittal plane on a 1.5-T whole-body magnetic resonance unit (Philips; Medical Systems, Eindhoven, The Netherlands) using a commercial transmit-receive extremity coil. The weight limit for the machine is 150 kg. The following sequence and parameters were used: T1-weighted fat saturation 3D gradient recall acquisition in the steady state (58 ms/12 ms/55 , repetition time/echo time/flip angle) with a 16 cm field of view, 60 partitions, 512 Â 512 matrix and acquisition time 11 min 56 s (one acquisition). Sagittal images were obtained at a partition thickness of 1.5 mm and an in-plane resolution of 0.31 Â 0.31 mm (512 Â 512 pixels). A coronal fat-saturated, fast spin echo 3D, T2-weighted acquisition (2200 ms, 20/80 ms/90 repetition time/echo time/flip angle) with a slice thickness of 3 mm, a 0.3 inter-slice gap, 1 excitation, a field of view of 13 cm and a matrix of 256 Â 192 pixels was also obtained [13] .
Cartilage volume
Cartilage volume was determined by manually drawing disarticulation contours around the cartilage boundary, using independent workstation software Osiris (Geneva, Switzerland). Measurement was done by one trained observer with random cross-checks blindly performed by an independent trained observer. The CV was 2.1% [14] .
Bone area
Plateau area was determined using the independent workstation Osiris, by creating an isotropic volume from the input images, which were reformatted in the axial plane. One trained observer performed the measurements, with random cross-checks blindly performed by an independent trained observer. The CV was 2.3% [14] .
Patella structures
Patella cartilage volume was determined by image processing on an independent workstation using the Osiris software. The patellar cartilage volume was isolated from the total volume by manually drawing disarticulation contours around the cartilage boundaries on each section. The measurement was done by two independent observers with independent random cross-checks blindly performed by a second trained observer, unpaired and blinded to subject identification, data collected and the sequence. The CV for the measure was 2.6%. Patellar bone volume was calculated by using the same method as for cartilage volume. Contours were drawn around the patella boundaries in images 1.5 mm apart on sagittal views. One trained observer made the measurements, with independent random cross-checks blindly performed by a second trained observer, unpaired and blinded to subject identification, data collected and the sequence. The CV for patellar bone volume measures was 2.2%.
Osteophytes
Osteophytes were measured from MR images, which have been shown to be more sensitive than X-rays [15] . Osteophytes were measured from coronal images by two independent trained observers. In the event of disagreement between observers, a third independent observer reviewed the MRI. Intra-and inter-observer reproducibility for agreement on osteophytes ranged between 0.85 and 0.93 (k-statistic), respectively.
Statistical analysis
Cartilage volume was normally distributed. Linear regression was used to assess the relationship between total body BMD and BMC and medial and lateral tibial and patella cartilage volume as a continuous outcome. Multiple regression models were used to adjust for potential confounders including age, gender, BMI and participation in physical activity. The independent samples z-test was used to test for significant sex differences in the relationship between total body BMD and BMC and medial and lateral tibial cartilage volume. P < 0.05 (two-tailed) was considered to be statistically significant. All analyses were performed using the SPSS statistical package (standard version 17.0; SPSS, Chicago, IL, USA).
Results
Descriptive characteristics of study population
The characteristics of the 153 subjects (81% women) who participated in the study are presented in Table 1 .
Men had significantly higher total body BMD (P = 0.007) and total body BMC (P < 0.001) compared with women. Men also had significantly higher tibial cartilage volume in all compartments, larger tibial plateau area and patella bone volume compared with women (P < 0.001 for all).
The relationship between total body BMD (g/cm 2 ) and BMC (g) and tibial cartilage volume In women, total body BMD and BMC were significantly positively associated with medial tibial cartilage volume in univariate analysis. After adjusting for potential confounders, this relationship persisted for BMC. In univariate and multivariate analysis, BMC was significantly associated with increased lateral cartilage volume. No significant association was obtained between total body BMD and lateral tibial cartilage volume in either univariate or multivariate analysis. In men, total body BMD and BMC were significantly associated with increased medial and lateral tibial cartilage volume. After adjusting for potential confounders including age, BMI, tibial plateau area, participation in strenuous activity and the presence of osteophytes, these relationships remained significant (Table 2) . Similar results were obtained when subjects with osteophytes were excluded from the analysis (data not shown).
To determine whether there was a significant difference in the relationship between total body BMD and BMC and tibial cartilage volume, we used the independent sample z-test. We found there was a significant difference in the relationship between BMC (P for difference = 0.001) and total body BMD (P for difference = 0.05) and medial cartilage volume for men and women. Similarly, there was a significant difference in the relationship between total body BMD (P for difference = 0.03) and BMC (P for difference = 0.01) and lateral cartilage volume for men and women. The relationship between total body BMD (g/cm 2 ) and BMC (g) and patella cartilage volume
The relationship between BMD measurements and patella cartilage volume are shown separately for men and women in (Table 2 ). In women, BMC was significantly associated with increased patella cartilage volume in univariate analysis. However, this relationship did not persist after adjusting for potential confounders including age, BMI, bone volume and participation in strenuous activity. In men, no significant associations were obtained between total body BMD and BMC and patella cartilage volume in either univariate or multivariate analysis. There was no significant sex difference in the relationship between total body BMD (P = 0.12) and BMC (P = 0.08) and patella cartilage volume.
Discussion
In this study, we found a positive relationship between total body BMD and BMC and tibial cartilage volume in the medial and lateral compartments. The relationship between total body BMD and BMC and medial and lateral cartilage volume was significantly stronger in men than women. These results may provide some insight into sex differences in knee cartilage volume, which may in turn facilitate our understanding of the pathogenesis of OA.
We have shown a positive relationship between total body BMD and BMC, and medial and lateral cartilage volume in a relatively healthy population of men and women. Most previous studies examining the relationship between BMD and OA have been based on radiological assessment of joints. Cross-sectional studies have shown a relationship between increasing BMD and the presence of osteophytes [8, [16] [17] [18] [19] . Prospective studies have shown that higher BMD is associated with an increased risk of the development of osteophytes [20] . However, no previous study has shown a significant association between BMD and joint space narrowing or progression of joint space narrowing (JSN) [20] , which is used as a surrogate marker for articular cartilage. It may be that the previous radiographic studies did not have sufficient power to detect a relationship between BMD and cartilage loss, as JSN is an indirect assessment of articular cartilage and is insensitive to change. It may be that more sensitive measures are required. It is possible that those who accrue higher knee cartilage volume during growth are protected from developing OA, which is associated with cartilage loss, analogous to the relationship between BMD and risk of OP.
We also found that the positive relationship between total body BMD and BMC and medial and lateral cartilage volume was stronger in men than women. This is consistent with a recent study demonstrating a positive association between subchondral BMD and medial cartilage volume, which seemed to be stronger in men than women [10] . It may be that hormonal differences play a role in explaining this difference. It has previously been shown that oestrogen can act on subchondral bone and cartilage via receptors and second messengers such as TABLE 2 Relationship between total body BMD (g/cm 2 ) and BMC (g) and cartilage volume Multivariate model adjusted for age, BMI, bone volume and participation in strenuous activity. *P-value for difference between men and women.
the regulatory polypeptides TGF-a, interfering with osteoclast and osteoblast coupling and cartilage turnover [21] Moreover, a decline in oestrogen levels with menopause is associated with alterations in bone including high bone turnover and subsequent bone loss [22] . It is possible that there is a similar effect on cartilage. In support of this, women using long-term oestrogen replacement therapy have been shown to have more knee cartilage volume than controls [23] . The mechanism by which BMD relates to increasing cartilage volume remains unclear. Although it has previously been hypothesized that thickening and stiffening of subchondral bone, reflected by increased BMD, may subsequently lead to degeneration in the overlying articular cartilage [24] , we examined relatively healthy subjects, as only 16% of subjects had knee osteophytes. It may be that in subjects without established knee OA, the structural integrity of the bone is maintained. This will need to be tested in longitudinal studies. It is unlikely that the positive relationship between total body BMD and content and tibial cartilage volume observed in this study was simply due to co-inheritance, as we would have expected the positive associations to have been present with patella cartilage as well. This was not the case. It may be that biomechanical factors affect these relationships. Thus, axial loading, has also been demonstrated to relate to higher tibial cartilage volume, such that children who do more physical activity accrued more cartilage volume than those who do not [1] . The importance of biomechanical factors is underscored in contrast to the relationships seen in the patellofemoral compartment, suggesting that other factors influence patellar physical characteristics, as the patella is subject to lower axial loading during weight bearing.
A limitation of this study is that it is a cross-sectional study, hence future longitudinal studies will be needed to confirm these findings. Another potential limitation of this study is the self-report presence of arthritis. Although we did not have knee radiographs, we determined the presence of osteophytes from MRI. This has previously been shown to be a more sensitive method of determining the presence of osteophytes than radiography [15] . We did not have information on vertebral osteophytosis. Future studies may be required to measure and examine the potential role of vertebral osteophytosis in these relationships. Nevertheless, this was a relatively healthy population, as only 16% of subjects had knee osteophytes. Our findings remained unchanged after adjusting for osteophytes. Furthermore, the relationships between total body BMD and BMC and knee structures were independent of potential confounders including participation in physical activity and body size.
In this study of relatively healthy subjects, we found a positive relationship between total body BMD and BMC and tibial cartilage volume in the medial and lateral compartments. There was a significant sex difference in the relationship between total body BMD and BMC and medial and lateral cartilage volume; this relationship was stronger in men than women. The results of this study may provide some insight into sex differences in knee cartilage volume, which may facilitate our understanding of the pathogenesis of OA.
Rheumatology key messages
. The positive relationship between BMD and BMC and tibial cartilage volume was stronger in men than women. . BMD and BMC may provide insight into the sex differences in knee cartilage volume, and the pathogenesis of OA.
